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In this article we present a fast and efficient methodology for biochemical surface patterning under
extremely mild conditions. Micropatterned azide/benzaldoxime-surfaces were prepared by
microcontact printing of a heterobifunctional cyclooctyne oxime linker on azide-terminated self-
assembled monolayers (SAMs). Strain-promoted azide–alkyne cycloaddition (SPAAC) in combination
with microcontact printing allows fast and effective surface patterning. The resulting bifunctional
azide/oxime substrates could successfully be used for metal-free, orthogonal immobilization of various
biomolecules by 1,3-dipolar cycloadditions at room temperature. Azide-decorated areas were modified
by reaction with a cyclooctyne-conjugate using SPAAC, while benzaldoxime-decorated areas were
activated by in situ oxidation to the reactive nitrile oxides and subsequent nitrile oxide cycloaddition
with alkene- and alkyne-functionalized bioconjugates. In addition, orthogonal double immobilization
was achieved by consecutive and independent SPAAC and nitrile oxide cycloadditions.
Introduction
The selective immobilization of biomolecules onto surfaces is one
of the largest challenges in the development of biomimetic
materials and microarray technology. The optimization of bio-
logical activity and ligand binding affinity demands an attach-
ment that is carried out in a well defined way with pre-determined
orientation. Site-specific immobilization strategies have been
developed during the last decades in order to fulfil these
requirements.1 Robust, covalent site-specific attachment can be
achieved if the biomolecules are modified with a functional group
that is reactive towards the substrate surface. Covalent immo-
bilization of biological molecules can be regarded as a special
case of bioconjugation and underlies similar demands as in the
case of solution-based modifications.
The complex chemical structure of the majority of cellular
molecules requires the development of chemical conjugation
reactions that are affected neither by the functional groups on the
target molecules nor by their biological environment. Moreover,
the reactions should proceed with near quantitative yield under
mild conditions. During the last decade, much progress was
made in the development of such ‘‘bioorthogonal’’ reactions and
led to a set of conjugation principles that form central tools to
probe biological processes.2 Alkenes, alkynes and azides are
excellent functional groups for this purpose as they are chemi-
cally inert under physiological conditions and enable site-specific
modification using a bioorthogonal set of reactions. Thiol-ene
additions3 and Diels–Alder cycloadditions4 have been success-
fully applied for the conjugation of alkene-functionalized
biomolecules. Azides were modified by the Staudinger ligation5
or in combination with alkynes by the copper-catalyzed azide–
alkyne cycloaddition (CuAAC).6 Due to the toxicity of Cu(I),
strain-promoted azide–alkyne cycloadditions (SPAAC) based on
cyclooctynes7 currently receive increasing interest and could
already be successfully applied for DNA,8 protein9 and glycan10
conjugation, in vivo imaging11 and in the field of surface
functionalization.12
Another category of metal-free click reactions is based on
cycloadditions between strong 1,3-dipoles with enhanced reac-
tivity, such as nitrile oxides, nitrile imines and nitrones, with
unsaturated hydrocarbons.13 Gutsmiedl et al. demonstrated the
potential of the nitrile oxide 1,3-dipolar cycloaddition in the area
of bioconjugation by the derivatization of norbornene-modified
DNA.14 In later work, Heaney and coworkers modified resin-
supported alkyne- and cyclooctyne-functionalized DNA by
reaction with nitrile oxides.15 Chemical orthogonality of azide
and nitrile oxide cycloadditions has recently been demonstrated
by the post-modification of heterobifunctional linkers and
polymers, expanding the applicability of both reactions for
molecular functionalization.16
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The investigation and development of orthogonal reactions is
essential for the multistep modification of polymers, dendrimers
or biomolecules as well as the preparation of multifunctional
surfaces and materials. During the last few years, multifunctional
surfaces have shown high potential in biological microarray
technology: they have been prepared by various patterning
techniques, using different types of reactions and applied for
selective immobilization biomolecules, nanoparticles and dyes.17
Typically, efficient orthogonal ligation reactions rely on catalysis
or photochemical triggers. In this article we demonstrate for the
first time the synthesis of patterned, isoelectronic azide/nitrile
oxide surfaces and their versatility for orthogonal metal-free
surface immobilization by reaction with a range of alkene- and
alkyne-modified (bio)molecules at ambient temperature.
Results and discussion
Surface patterning was achieved by microcontact chemistry.19
This technique is based on the use of microstructured elastomeric
stamps to locally transfer reactive molecules onto a substrate
surface and induce a chemical reaction in the area of contact.
Oxidized PDMS stamps with a dot pattern (approx. 10 mm dots
in diameter) were inked with cyclooctyne oxime (1) and applied
on undecylazide-modified glass and silicon surfaces (Fig. 1A).
The induced microcontact SPAAC reaction (mC-SPAAC) leads
to highly effective, metal-free chemical patterning of the surface
and stable attachment of the linker molecule within 20 min of
reaction time. The patterned azide/oxime substrates are highly
versatile for post-modifications as they allow orthogonal reac-
tions either by (i) the oxidation of oximes to nitrile oxides using
oxidizing agents such as diacetoxy iodobenzene (DIB)20,16c and
reaction of the generated nitrile oxides with a variety of unsat-
urated hydrocarbons (Fig. 1B) or by (ii) SPAAC in areas with the
remaining azide groups (Fig. 1C) .
AFM measurements verified the immobilization of the linker
(1) in contact areas with the stamp in height (Fig. 1D) and also in
phase (Fig. 1E). The height difference between azide and oxime
terminated areas was found to be approximately 1 nm, fitting
with the expected length of the immobilized molecule. Moreover,
printing of the cyclooctyne oxime linker (1) leads to a change of
surface wetting properties. Water condensation experiments
visualize the hydrophilic pattern (qstatic ¼ 64  3) in good
contrast to the hydrophobic azide monolayer (qstatic ¼ 83  2)
(Fig. ESI-1†). Surface analysis of azide and oxime-terminated
monolayers on silicon was additionally carried out by X-ray
photoelectron spectroscopy (XPS). The C1s carbon signal of the
oxime-terminated surface consists of a peak caused by C–C
carbons that are not connected to a heteroatom (285 eV) and
of characteristic shoulders, which represent carbon atoms in
a C–O/C–N bond (286.5 eV), in an amide (288 eV) and in
a carbamate group (290 eV) (Fig. ESI-2A†). Furthermore, the
two N1s signals of the internal and the two neighbouring azide
nitrogens vanish after immobilization of oxime (1) and a single
peak (400 eV) for the triazole, amide and carbamate nitrogens is
formed, indicating the consumption of azide groups during mCP
(Fig. ESI-2B†).
The quality of the azide/oxime pattern and its chemical
composition were imaged by time-of-flight secondary ion mass
spectrometry (ToF-SIMS). The immobilization of the linker (1)
was verified by the formation of several oxygen-containing
fragments like C2H5O
+, C7H6NO
+ and C8H6NO2
+ in the positive
ion mode (Fig. 2A and ESI-3†). The generation of the aromatic
ions C7H7
+, C7H4N
+, C7H6NO
+ can be attributed to the presence
of the terminal benzaldoxime on the surface. The fragment
C8H6NO2
+ represents exactly the benzaldoxime with attached
carbonyl group. Moreover, the immobilization of the cyclo-
octyne oxime linker (1) was visualized indirectly by the Si+ signal.
Si+ cations are preferentially observed in the interspaces, since
the thicker organic layer within the dotted structure leads to
enhanced shielding of the underlying SiO2 against the primary
ion beam. Analysis of the oxime pattern was additionally carried
out in the negative ion mode (Fig. ESI-4†). Also in this case,
characteristic oxygen-rich fragments like CNO, C2H3O
 and
C2H3O2
 and aromatic fragments like C7H4N
 and C7H6NO

verified successful immobilization.
Orthogonal functionalization of azide/oxime surfaces was
initially carried out by in situ generation of the nitrile oxide by
DIB and subsequent reaction with biotin alkyne (2) to form
isoxazole linkages. To induce the nitrile oxide–alkyne cycload-
dition (NOAC), patterned glass surfaces were incubated with
solutions of the alkyne (50 mM) and DIB (100 mM) in methanol
for 2 h. Remaining azides were subsequently decorated by
reaction with cyclooctyne tetraethylene glycol2c and the surfaces
exposed to DyLight 405-labeled streptavidin. Fluorescence
microscopy verified the attachment of the biotin-binding
streptavidin (Ka ¼ 1015 M1)21 exclusively in areas with the
Fig. 1 Surface modification by metal-free click chemistry. Immobiliza-
tion of cyclooctyne oxime linker (1) by mC-SPAAC (A). Surface modi-
fications by nitrile oxide cycloadditions (B). Surface modification by
SPAAC (C). AFM analysis of the azide/oxime-patterned surface in
height (D) and phase (E).
2480 | Chem. Sci., 2012, 3, 2479–2484 This journal is ª The Royal Society of Chemistry 2012
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immobilized nitrile oxide precursor (1) (Fig. 3A). Immobilization
of the biotin residue was additionally investigated by ToF-SIMS.
In contrast to the azide/oxime-modified surface, SIMS analysis
of the same surface after reaction with biotin alkyne (2) showed
significant formation of sulphur containing anions such as S,
HS and 34S within the dotted pattern (Fig. 2B and ESI-5†).
In addition to alkynes, nitrile oxides also react with alkenes to
give isoxazolines. Especially the strained norbornene shows high
reactivity and quickly undergoes strain-promoted nitrile oxide–
alkene cycloaddition reactions. In order to demonstrate the
suitability of this reaction for surface functionalization, b-D-
galactose norbornene conjugate (3) was synthesized and reacted
with azide/oxime patterned glass substrates in the presence of
DIB. Binding to TRITC-labeled peanut agglutinin (PNA) after
blocking remaining azides with cyclooctyne tetraethylene glycol
confirmed successful immobilization of the carbohydrate within
the printed pattern (Fig. 3B). We note that a high surface
coverage of carbohydrate is required for multivalent lectin
binding. In addition to norbornenes, also non-strained alkenes
react with nitrile oxides. Functionalization of the pattern with
carboxylic acid groups via nitrile oxide reaction with 5-pentenoic
acid and subsequent attachment of PAMAM G4 dendrimers by
peptide chemistry proved the successful cycloaddition. Immobi-
lized PAMAM G4 dendrimers were detected by fluorescence
microscopy after labelling with 5(6)-carboxyfluorescein-N-
hydroxysuccinimide ester (Fig. ESI-6†).
We also investigated the potential of the exceptionally fast
strain-promoted nitrile oxide–alkyne cycloaddition (SPNOAC)
for surface immobilization. Azide/oxime patterned glass
substrates were exposed to dilute solutions of a-D-mannose
cyclooctyne conjugate (4) (1 mM) and DIB in methanol. After 10
min the surfaces were washed and remaining azides reacted with
cyclooctyne tetraethylene glycol. Exposure to FITC-labeled
concanavalin A (ConA) and fluorescence microscopy analysis
showed that in spite of the short reaction time a high density of
carbohydrate residues was obtained in the dotted pattern
(Fig. 3C). The mannose density within the azide-modified areas
can be assumed to be negligible low, since no binding of ConA
occurred in the interspaces.
In order to demonstrate chemical orthogonality of nitrile
oxide–alkene/alkyne cycloadditions to SPAAC, azide/oxime-
pattened surfaces were reacted with solutions of a-D-mannose
cyclooctyne conjugate (4) in DMF (50 mM) without the addition
of DIB. After 3 h, the surfaces were cleaned and exposed to
FITC-labeled ConA. Fluorescence microscopy verified that
immobilization of ConA and therefore also of mannose residues
exclusively took place in azide-modified areas (Fig. 3D).
Both types of cycloadditions are orthogonal and could be used
for selective double-functionalization of azide/oxime-patterned
surfaces. In a first experiment b-D-galactose norbornene conju-
gate (3) was immobilized via nitrile oxide cycloaddition, followed
by the immobilization of a-D-mannose cyclooctyne conjugate (4)
via SPAAC. Fluorescence microscopy after exposure to
a mixture of FITC-labeled ConA and TRITC-labeled PNA
verified attachment of galactose residues within the dotted
pattern (Fig. 4A, B) and of mannose residues in the interspaces
(Fig. 4B, C). In another experiment, a-D-mannose cyclooctyne
conjugate (4) was immobilized on azide-terminated areas by
SPAAC while biotin alkyne (2) was reacted by nitrile oxide
Fig. 2 ToF-SIMS analysis of patterned silicon substrates. Analysis of an
azide/oxime-patterned silicon substrate in the positive ion mode (A) and
analysis of the surface after immobilization of biotin alkyne (2) by NOAC
in the negative ion mode (B) (mc: maximum counts, tc: total counts).
Fig. 3 Fluorescence microscopy image of protein binding after
orthogonal, metal-free surface modifications. Immobilization of biotin
alkyne (2) by NOAC and streptavidin binding (A). Immobilization of b-
D-galactose norbornene conjugate (3) via nitrile oxide–alkene cycload-
dition and binding of peanut agglutinin (B). Immobilization of cyclo-
octyne mannose conjugate (4) by SPNOAC (C) and by SPAAC (D) with
subsequent binding of concanavalin A.
This journal is ª The Royal Society of Chemistry 2012 Chem. Sci., 2012, 3, 2479–2484 | 2481
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cycloaddition in the dotted areas. Exposure of the surface to
a mixture of DyLight 405-labeled streptavidin and FITC-labeled
ConA again verified complete orthogonality, as streptavidin was
exclusively immobilized on the dot-pattern (Fig. 4D, E) and
ConA in the interspace (Fig. 4E, F).
In addition to the functionalization of azide/oxime-patterned
surfaces by in situ generation of nitrile oxides and reaction from
solution with alkenes and alkynes, we could also convert the
oximes into nitrile oxides in a first step and bring them to reac-
tion in a subsequent printing step. Conversion of oximes into
nitrile oxides was carried out by immersion of the surfaces in
methanolic solutions of DIB (100 mM) for 10 min. The surfaces
were washed with methanol and dried to give the azide/nitrile
oxide patterned surfaces. In order to demonstrate the orthogonal
reactivity of the 1,3-dipolar groups, biotin alkyne (2) was
immobilized within 10 min in lines by microcontact NOAC
(mC-NOAC) on the patterned surface. Remaining azides and
nitrile oxides were decorated subsequently by a reaction with
cyclooctyne tetraethylene glycol. Exposure of the surface to
TRITC-labeled streptavidin and fluorescence microscopy
showed that immobilization of biotin residues occurred
exclusively in nitrile oxide-modified areas (dots) and in the
contact area with the stamp (lines) (Fig. 4G).
Conclusions
In summary, we have described the preparation of patterned
azide/oxime and azide/nitrile oxide surfaces that can be orthog-
onally modified by different types of 1,3-dipolar cycloadditions.
Strained and non-strained alkenes and alkynes were successfully
immobilized in the absence of any metal catalyst. Both SPAAC
and all types of nitrile oxide cycloadditions studied here can be
carried out under mild conditions with high yields. Moreover, the
reactions proceed readily in an aqueous environment at room
temperature, which makes azide/nitrile oxide-modified surfaces
of high interest for the immobilization of a wide variety of
alkene- and alkyne-modified biomolecules.
Materials and methods
Materials
11-Bromoundecyl-trichlorosilane was purchased from ABCR.
Glass slides were prepared from IDL microscope slides (Inter-
essengemeinschaft der Laborfachh€andler) by cutting them into
pieces of 2.6  1.4 cm2. Silicon wafers (B-doped, 1-0-0 orienta-
tion, 20–30 U cm) were kindly donated by Siltronic AG
(Burghausen, Germany). Milli-Q water was prepared by using
a PureLab UHQ deionization system (Elga). Fluorescein iso-
thiocyanate (FITC)-labeled concanavalin A (ConA) and bovine
serum albumin (BSA) were purchased from Sigma Aldrich.
Tetramethylrhodamine isothiocyanate (TRITC)-labeled peanut
agglutinin (PNA) was delivered by Vector Laboratories.
DyLight 405-conjugated- and tetramethylrhodamine iso-
thiocyanate (TRITC)-conjugated streptavidin were purchased
from Thermo Fisher Scientific.
Methods
Preparation of poly(dimethylsiloxane) (PDMS) stamps. PDMS
stamps were prepared by mixing sylgard 184 silicone elastomer
base with the curling agent in a 10 : 1 ratio (Dow Corning) and
casting the mixture on a patterned silicon master. Curling was
achieved overnight in an oven at 80 C. Patterned areas were cut
out with a knife and the resulting stamps were oxidized in an UV-
ozonizer (PSD-UV, Novascan Technologies Inc.) for 55 min
directly before printing. Flat, non-patterned PDMS stamps were
prepared by following the same procedure with the difference
that a flat silicon master was used.
Preparation of undecylazide-terminated glass and silicon
substrates. Undecylazide-modified substrates were prepared
following a known procedure with small modifications.18 Glass
and silicon substrates were cleaned by sonication in pentane,
acetone and Milli-Q water. The surfaces were treated with
a freshly prepared piranha solution (H2SO4 : H2O2 3 : 1,
CAUTION!) for 30 min. After washing the substrates thor-
oughly with Milli-Q water, the surfaces were dried in a stream of
Ar and immersed in a solution of 11-bromoundecyltri-
chlorosilane (0.1% vol.) in toluene for 40 min. The substrates
were washed with DCM, ethanol and milli-Q water and dried.
Fig. 4 Fluorescence microscopy images of TRITC-labeled PNA and
FITC-labeled ConA on azide/oxime-patterned surfaces after sequential
immobilization of b-D-galactose norbornene conjugate (3) and
a -D-mannose cyclooctyne conjugate (4) (A, B, C). Fluorescence
microscopy images of DyLight 405-labeled streptavidin and FITC-
labeled ConA on azide/oxime-patterned surfaces after sequential immo-
bilization of a-D-mannose cyclooctyne conjugate (4) and biotin alkyne (2)
(D, E, F). Fluorescence microscopy analysis of TRITC-labeled strepta-
vidin attached to biotin residues that were immobilized by mC-NOAC of
biotin alkyne (2) on an azide/nitrile oxide-patterned surface (G).
2482 | Chem. Sci., 2012, 3, 2479–2484 This journal is ª The Royal Society of Chemistry 2012
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The bromine-functionalized surfaces were immersed into a satu-
rated solution of NaN3 in DMF for 48 h at 70
C. Finally, the
surfaces were again washed with Milli-Q water and ethanol and
dried in a stream of Ar.
Preparation of patterned azide/oxime-terminated glass and
silicon substrates by mC-SPAAC. Oxidized PDMS stamps were
covered with a solution of cyclooctyne oxime linker (1) in ethanol
(10 mM, 20 mL). After 1 min, the stamps were blow dried in
a stream of Ar and carefully placed on the undecylazide-modified
substrate surfaces. Printing was carried out for 20 min at rt. The
stamps were removed from the surfaces and the substrates
washed with Milli-Q water, ethanol and DCM, sonicated in
ethanol and dried in a stream of Ar.
Orthogonal ligation reactions
Immobilization of biotin alkyne (2) and galactose norbornene
conjugate (3) by NOAC. Azide/oxime-patterned substrates were
modified with approximately 2 mm thick, flat PDMS squares
that had a hole in the middle. The PDMS was positioned in such
a way that the pattered areas of the substrate surfaces were not
covered by the PDMS and accessible through the hole. A freshly
prepared mixture of DIB in methanol (300 mM, 10 mL) and
biotin alkyne (2) in methanol (75 mM, 20 mL) or of DIB in
methanol (300 mM, 10 mL) and galactose norbornene conjugate
(3) in methanol (75 mM, 20 mL) was applied on the patterned
surfaces. The reaction chambers were sealed with microscopy
cover slides. After 2 h, the PDMS was removed and the surfaces
cleaned by washing with DCM, Milli-Q water and ethanol.
Immobilization of mannose cyclooctyne conjugate (4) by
SPNOAC. Immobilization of mannose cyclooctyne conjugate
(4) by SPNOAC was carried out as described in the case of the
non-strained alkyne (2) with the difference that 1.5 mM solutions
of the cyclooctyne in methanol (20 mL) were mixed with 300 mM
solutions of DIB in methanol (10 mL) and applied on the
patterned substrates surfaces. The reaction time was reduced to
10 min.
Immobilization of mannose cyclooctyne conjugate (4) by
SPAAC. Immobilization of mannose cyclooctyne conjugate (4)
was carried out by covering the substrate surfaces with solutions
of the cyclooctyne in DMF (50 mM). The solutions were covered
with a cover slide and incubated for 3 h. Finally, the surfaces
were washed with Milli-Q water and ethanol and dried in
a stream of Ar.
Preparation of patterned azide/nitrile oxide surfaces and
immobilization of biotin alkyne (2) by mC-NOAC. Azide/oxime-
modified surfaces were treated for 10 min with a freshly
prepared solution of DIB in methanol (100 mM). The surfaces
were washed with methanol and dried. Oxidized PDMS stamps
were covered with a solution of biotin alkyne (2) in ethanol,
incubated for 1 min, blow dried and immediately placed on the
freshly prepared azide/nitrile oxide surfaces. Printing was
carried out for 10 min at rt. The stamps were removed and the
surfaces thoroughly washed with Milli-Q water and ethanol and
blow dried. Directly after printing, remaining azide and nitrile
oxide groups were blocked by reaction with cyclooctyne tetra-
ethylene glycol.
Protein binding
Blocking of azide and nitrile oxide groups by reaction with
cyclooctyne tetraethylene glycol. Remaining azide and nitrile
oxide groups were decorated with cyclooctyne tetraethylene
glycol by dropping a small volume of the cyclooctyne solution in
DMF (50 mM) on the substrate surfaces. The solutions were
covered with a cover slide and incubated for 3 h. Finally, the
surfaces were washed with Milli-Q water and ethanol and dried
in a stream of Ar.
PNA and ConA binding. Substrate surfaces were incubated for
30 min in a solution of bovine serum albumin (BSA, 3% wt.) in
phosphate buffered saline (1  PBS, pH ¼ 7.5) and washed with
PBS (2  5 min). Subsequently, the substrates were covered with
a solution of fluorescence-labeled lectin (FITC-labeled ConA or
TRITC-labeled PNA, c ¼ 20 mg mL1) in HEPES buffer (20 mM
HEPES, pH ¼ 7.5, 0.15 M NaCl, 1 mM CaCl2). In the case of
ConA binding experiments, MnCl2 was added to a concentration
of 1 mM. After 30 min, the surfaces were washed with the same
buffer without lectin, rinsed with distilled water and carefully
dried with a tissue.
Streptavidin binding. Substrate surfaces were incubated for 30
min in a solution of bovine serum albumin (BSA, 3% wt.) in
phosphate buffered saline (PBS, pH ¼ 7.5) and washed with PBS
(2  5 min). Subsequently, the substrates were covered with
a solution of streptavidin (TRITC-labeled or DyLight 405-
labeled streptavidin, c¼ 100 nM) in PBS buffer (pH¼ 7.5). After
30 min, the surfaces were washed with the same buffer without
streptavidin, rinsed with distilled water and carefully dried with
a tissue.
Simultaneous binding of PNA and ConA. Substrate surfaces
were incubated for 30 min in a solution of BSA (3% wt.) in PBS
(pH ¼ 7.5) and washed with PBS (2  5 min). Subsequently, the
substrates were covered with a solution of FITC-labeled ConA
and TRITC-labeled PNA in HEPES buffer. The lectin solution
was prepared by mixing a solution of TRITC-labeled PNA in
HEPES buffer (100 mL, c ¼ 50 mg mL1 protein, 20 mMHEPES,
pH ¼ 7.5, 0.15 M NaCl, 1 mM CaCl2) with a solution of FITC-
labeled ConA in HEPES buffer (100 mL, c ¼ 50 mg mL1 protein,
20 mM HEPES, pH ¼ 7.5, 0.15 M NaCl, 1 mM CaCl2, 1 mM
MnCl2). After 30 min, the surfaces were washed with HEPES
buffer (20 mM HEPES, pH ¼ 7.5, 0.15 M NaCl, 1 mM CaCl2,
1 mM MnCl2), rinsed with distilled water and carefully dried
with a tissue.
Simultaneous binding of streptavidin and ConA. Substrate
surfaces were incubated for 30 min in a solution of BSA (3% wt.)
and PBS (pH ¼ 7.5) and washed with PBS (2  5 min). Subse-
quently, the substrates were covered with a solution of FITC-
labeled ConA and DyLight 405 labeled streptavidin in buffer.
The protein solution was prepared by mixing a solution of FITC-
labeled ConA in HEPES buffer (100 mL, c ¼ 50 mg mL1 protein,
20 mM HEPES, pH ¼ 7.5, 0.15 M NaCl, 1 mM CaCl2, 1 mM
This journal is ª The Royal Society of Chemistry 2012 Chem. Sci., 2012, 3, 2479–2484 | 2483
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MnCl2) with a solution of DyLight 405-labeled streptavidin in
PBS buffer (50 mL, c ¼ 500 nM, pH ¼ 7.5) and diluting the
mixture by the addition of HEPES buffer without protein
(100 mL, 20 mM HEPES, pH ¼ 7.5, 0.15 M NaCl, 1 mM CaCl2,
1 mM MnCl2). After 30 min, the surfaces were washed with
HEPES buffer (20 mM HEPES, pH ¼ 7.5, 0.15 M NaCl, 1 mM
CaCl2, 1 mM MnCl2), rinsed with distilled water and carefully
dried with a tissue.
Acknowledgements
This work was funded by the DFG through grant Ra1732/2 to
BJR. GAB acknowledges the EPSRC for an Advanced Fellow-
ship (EP/E055095/1).
Notes and references
1 (a) Y.-X. Chen, G. Triola and H. Waldmann, Acc. Chem. Res., 2011,
44, 762–773; (b) F. Rusmini, Z. Zhong and J. Feijen,
Biomacromolecules, 2007, 8, 1775–1789; (c) C. D. Hodneland,
Y.-S. Lee, D.-H. Min and M. Mrksich, Proc. Natl. Acad. Sci. U. S.
A., 2002, 99, 5048–5052; (d) S. Park, M.-R. Lee and I. Shin, Chem.
Commun., 2008, 4389–4399; (e) T. Horlacher and P. H. Seeberger,
Chem. Soc. Rev., 2008, 37, 1414–1422; (f) T. M. Herne and
M. J. Tarlov, J. Am. Chem. Soc., 1997, 119, 8916–8920.
2 (a) E. M. Sletten and C. R. Bertozzi, Angew. Chem., Int. Ed., 2009, 48,
6974–6998; (b) J. A. Prescher and C. R. Bertozzi, Nat. Chem. Biol.,
2005, 1, 13–21; (c) C. Besanceney-Webler, H. Jiang, T. Zheng,
L. Feng, D. S. del Amo, W. Wang, L. M. Klivansky, F. L. Marlow,
Y. Liu and P. Wu, Angew. Chem., Int. Ed., 2011, 50, 8051–8056; (d)
M. D. Best, Biochemistry, 2009, 48, 6571–6584.
3 (a) C. E. Hoyle and C. N. Bowman, Angew. Chem., Int. Ed., 2010, 49,
1540–1573; (b) S. Wittrock, T. Becker and H. Kunz, Angew. Chem.,
Int. Ed., 2007, 46, 5226–5230; (c) P. Jonkheijm, D. Weinrich,
M. K€ohn, H. Engelkamp, P. C. M. Christianen, J. Kuhlmann,
J. C. Maan, D. N€usse, H. Schroeder, R. Wacker, R. Breinbauer,
C. M. Niemeyer and H. Waldmann, Angew. Chem., Int. Ed., 2008,
47, 4421–4424; (d) C. Wendeln, S. Rinnen, C. Schulz,
H. F. Arlinghaus and B. J. Ravoo, Langmuir, 2010, 26, 15966–15971.
4 (a) A. D. de Arauo, J. M. Palomo, J. Cramer, M. K€ohn, H. Schr€oder,
R. Wacker, C. Niemeyer, K. Alexandrov and H. Waldmann, Angew.
Chem., Int. Ed., 2006, 45, 296–301; (b) B. T. Houseman and
M. Mrksich, Chem. Biol., 2002, 9, 443–454; (c) M. L. Blackman,
M. Royzen and J. M. Fox, J. Am. Chem. Soc., 2008, 130, 13518–
13519; (d) J. Schoch, M. Wiessler and A. J€aschke, J. Am. Chem.
Soc., 2010, 132, 8846–8847; (e) C. Wendeln, A. Heile,
H. F. Arlinghaus and B. J. Ravoo, Langmuir, 2010, 26, 4933–4940.
5 (a) C. I. Schilling, N. Jung, M. Biskup, U. Schepers and S. Br€ase,
Chem. Soc. Rev., 2011, 40, 4840–4871; (b) S. S. van Berkel,
M. B. van Eldijk and J. C. M. van Hest, Angew. Chem., Int. Ed.,
2011, 550, 8806–8827; (c) E. Saxon and C. R. Bertozzi, Science,
2000, 287, 2007–2010.
6 (a) Q.Wang, T. R. Chan, R. Hilgraf, V. V. Fokin, K. B. Sharpless and
M. G. Finn, J. Am. Chem. Soc., 2003, 125, 3192–3193; (b) V. Hong,
S. I. Presolski, C. Ma and M. G. Finn, Angew. Chem., Int. Ed.,
2009, 48, 9879–9883.
7 (a) N. J. Agard, J. A. Prescher and C. R. Bertozzi, J. Am. Chem. Soc.,
2004, 126, 15046–15047; (b) J. A. Codelli, J. M. Baskin, N. J. Agard
and C. R. Bertozzi, J. Am. Chem. Soc., 2008, 130, 11486–11493; (c)
X. Ning, J. Guo, M. A. Wolfert and G.-J. Boons, Angew. Chem.,
Int. Ed., 2008, 47, 2253–2255; (d) E. M. Sletten and C. R. Bertozzi,
Org. Lett., 2008, 10, 3097–3099; (e) J. C. Jewett, E. M. Sletten and
C. R. Bertozzi, J. Am. Chem. Soc., 2010, 132, 3688–3690; (f)
F. Friscourt, P. A. Ledin, N. E. Mbua, H. R. Flanagan-Street,
M. A. Wolfert, R. Street and G.-J. Boons, J. Am. Chem. Soc., 2012,
134, 5381–5389.
8 (a) I. S. Marks, J. S. Kang, B. T. Jones, K. J. Landmark, A. J. Cleland
and T. A. Taton, Bioconjugate Chem., 2011, 22, 1259–1263; (b)
I. Singh, C. Freeman and F. Heaney, Eur. J. Org. Chem., 2011, 76,
6739–6746.
9 (a) M. F. Debets, S. S. van Berkel, S. Schoffelen, F. P. J. T. Rutjes,
J. C. M. van Hest and F. L. van Delft, Chem. Commun., 2010, 46,
97–99; (b) K. E. Beatty, J. D. Fisk, B. P. Smart, Y. Y. Lu,
J. Szychowski, M. J. Hangauer, J. M. Baskin, C. R. Bertozzi and
D. A. Tirrell, ChemBioChem, 2010, 11, 2092–2095; (c) J. C. M. van
Hest and F. L. van Delft, ChemBioChem, 2011, 12, 1309–1312.
10 E. Lallana, E. Fernandez-Megia and R. Riguera, J. Am. Chem. Soc.,
2009, 131, 5748–5750.
11 S. T. Laughlin, J. M. Baskin, S. L. Amacher and C. R. Bertozzi,
Science, 2008, 320, 664–667.
12 (a) L. A. Canalle, S. S. van Berkel, L. T. de Haan and J. C. M. van
Hest, Adv. Funct. Mater., 2009, 19, 3464–3470; (b) S. V. Orski,
A. A. Poloukhtine, S. Arumugam, L. Mao, V. V. Popik and
J. Locklin, J. Am. Chem. Soc., 2010, 132, 11024–11026; (c)
A. Kuzmin, A. Poloukhtine, M. A. Wolfert and V. V. Popik,
Bioconjugate Chem., 2010, 21, 2076–2085; (d) R. Manova, T. A. van
Beek and H. Zuilhof, Angew. Chem., Int. Ed., 2011, 50, 5428–5430.
13 (a) F. Heaney, Eur. J. Org. Chem., 2012, 16, 3043–3058; (b)
J. C. Jewett and C. R. Bertozzi, Chem. Soc. Rev., 2010, 39, 1272–
1279; (c) M. F. Debets, S. S. van Berkel, J. Demmerholt,
A. J. Dirks, F. J. J. T. Rutjes and F. L. van Delft, Acc. Chem. Res.,
2011, 44, 805–815.
14 K. Gutsmiedl, C. T.Wirges, V. Ehmke and T. Carell,Org. Lett., 2009,
11, 2405–2408.
15 (a) I. Singh, J. S. Vyle and F. Heaney, Chem. Commun., 2009, 3276–
3278; (b) I. Singh and F. Heaney, Chem. Commun., 2011, 47, 2706–
2708.
16 (a) K. Gutsmiedl, D. Fazio and T. Carell, Chem.–Eur. J., 2010, 16,
6877–6883; (b) I. Singh, Z. Zarafshani, F. Heaney and J.-F. Lutz,
Polym. Chem., 2011, 2, 372–375; (c) B. C. Sanders, F. Friscourt,
P. A. Ledin, N. E. Mbua, S. Arumugam, J. Guo, T. J. Boltje,
V. V. Popik and G.-J. Boons, J. Am. Chem. Soc., 2011, 133, 949–957.
17 (a) S. G. Im, K. W. Bong, B.-S. Kim, S. H. Baxamusa,
P. T. Hammond, P. S. Doyle and K. K. Gleason, J. Am. Chem.
Soc., 2008, 130, 14424–14425; (b) A. Pulsipher, N. P. Westcott,
W. Luo and M. N. Yousaf, J. Am. Chem. Soc., 2009, 131, 7626–
7632; (c) N. Gupta, B. F. Lin, L. M. Campos, M. D. Dimitriou,
S. T. Hikita, N. D. Treat, M. V. Tirrell, D. O. Clegg, E. J. Kramer
and C. J. Hawker, Nat. Chem., 2010, 2, 138–145; (d) X. Deng,
C. Friedmann and J. Lahann, Angew. Chem., Int. Ed., 2011, 50,
6522–6526; (e) J. M. Spruell, M. Wolffs, F. A. Leibfarth,
B. C. Stahl, J. Heo, L. A. Connal, J. Hu and C. J. Hawker, J. Am.
Chem. Soc., 2011, 133, 16698; (f) C. Wendeln, S. Rinnen, C. Schulz,
T. Kaufmann, H. F. Arlinghaus and B. J. Ravoo, Chem.–Eur. J.,
2012, 18, 5880–5888.
18 N. Balachander and C. N. Sukenik, Langmuir, 1990, 6, 1621.
19 (a) L. Yan, X.-M. Zhao and G. M. Whitesides, J. Am. Chem. Soc.,
1998, 120, 6179–6180; (b) B. J. Ravoo, J. Mater. Chem., 2009, 19,
8902–8906; (c) C. Wendeln and B. J. Ravoo, Langmuir, 2012, 28,
5527.
20 (a) B. Das, H. Holla, G. Mahender, J. Banerjee and M. R. Reddy,
Tetrahedron Lett., 2004, 45, 7347; (b) B. A. Mendelsohn, S. Lee,
S. Kim, F. Teyssier, V. S. Aulakh and M. A. Ciufolini, Org. Lett.,
2009, 11, 1539–1542.
21 O. H. Laitinen, V. P. Hyt€onen, H. R. Nordlund and M. S. Kulomaa,
Cell. Mol. Life Sci., 2006, 63, 2992–3017.
2484 | Chem. Sci., 2012, 3, 2479–2484 This journal is ª The Royal Society of Chemistry 2012
D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f S
tra
th
cl
yd
e 
on
 2
1 
A
ug
us
t 2
01
2
Pu
bl
ish
ed
 o
n 
13
 Ju
ne
 2
01
2 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C2
SC
205
55F
View Online
